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Stabilization of model membranes during drying by compatible solutes
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Many organisms accumulate compatible solutes under environ-
mental stress conditions. Cyanobacteria accumulate compatible
solutes in response to increased external salinity, with tolerance
increasing from Suc (sucrose) or trehalose to 2-O-(α-D-glucopy-
ranosyl)-glycerol and glycinebetaine accumulating species. It is
not clear how these different solutes influence salt tolerance. One
possible explanation may be a differential ability of these solutes
to stabilize membranes under stress conditions. We therefore
performed drying experiments with liposomes in the presence
of compatible solutes. Suc, trehalose and sorbitol protected lipo-
somes from leakage of a soluble marker and from membrane
fusion during drying and rehydration. 2-O-(α-D-glucopyranosyl)-
glycerol was less effective and glycinebetaine showed hardly
any effect. In combination with Suc, the latter two solutes
showed improved protection. Lipid-phase transitions are known
to contribute to solute leakage from liposomes. We determined

phase transitions in dry membranes in the absence or presence of
the solutes, using Fourier-transform infrared spectroscopy. The
ability of the solutes to decrease the phase transition temperature
corresponded closely to their ability to protect the liposomes
against solute leakage. All solutes interacted with the phosphate in
the lipid headgroups. The magnitude of the shift in the asymmetric
P=O stretching vibration correlated closely with the lipid-phase
transition temperature. This indicates that the degree of membrane
protection afforded by the solutes is mainly determined by their
ability to interact with the membrane lipids. However, this is not a
determinant of cellular protection against salt stress, as the solutes
show a reverse order when ranked with regard to protection against
these stresses.
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INTRODUCTION

Many organisms have acquired mechanisms to adapt to a wide
range of environmental conditions, including changes in external
salinity. Basis for the salt acclimation is active extrusion of
inorganic ions combined with the accumulation of compatible
solutes. In additon, compatible solutes are synthesized in response
to osmotic stress or low temperature (see [1,2] for reviews). For
cyanobacteria, a close relationship between the principal osmo-
protective compound of a species and its salt tolerance was
found (see [3] for a review). Strains with low tolerance (up to
0.7 M NaCl) accumulate the disaccharides Suc (sucrose) or Tre
(trehalose), strains with moderate salt tolerance (up to 1.8 M
NaCl) accumulate the heteroside GG [2-O-(α-D-glucopyranosyl)-
glycerol] and strains with high salt tolerance (up to 2.7 M
NaCl) accumulate the amino acid derivates Bet (glycinebetaine)
or glutamatebetaine [4]. These compounds are synthesized
de novo. Additionally, uptake systems for these compounds are
known, but until now only two of those systems transporting
Bet [5] or GG, Suc and Tre [6] have been described in cyano-
bacteria.

Higher plants mainly accumulate Suc, Sor (sorbitol), Bet or
proline in response to drought, salinity or low-temperature stress
[2], but the accumulation of Tre has also been shown in some
extremely drought-tolerant (resurrection) plants [7–9]. Transgenic
plants expressing bacterial genes to synthesize the compatible
solutes Tre or Bet showed increased salt, frost and drought toler-
ance despite their rather low internal concentrations (see [10,11]
for reviews). Also, mutants of salt-sensitive cyanobacterial strains

that accumulate GG [12] or mutant plants that accumulate glycerol
[13] acquired increased salt tolerance.

Compatible solutes can act colligatively by increasing the os-
motic potential and thereby improving the water status of the
cells under osmotic stress conditions. There is good evidence
from recent research that this is the mechanism by which the ac-
cumulation of Bet improves the salt tolerance of Escherichia coli
cells [14]. In addition, osmolytes can stabilize macromolecular
structures such as proteins by preferential exclusion from the
hydration shell of proteins [15] and can also assist refolding of
unfolded polypeptides by chaperone proteins [16].

Compatible solutes can also have specific protective effects by
direct interaction with proteins or membrane lipids. This has been
documented especially for sugars such as Suc and Tre for their
ability to stabilize proteins and membranes during drying (see
[17,18] for reviews).

The aim of the present study was a systematic comparison
of the protective abilities of the compatible solutes known from
cyanobacteria. In addition, we have included Sor in our studies, a
linear sugar alcohol that can be used to make additional structure–
function comparisons. Since in many cases membranes are the
primary targets of cellular damage under stress conditions, we
investigated the protective properties of the solutes during drying
and rehydration of lipid vesicles and the interactions of the
lipids with the solutes in the dry state. Membrane protection
during drying poses especially stringent requirements on solutes
[19] and might therefore reveal the protective potential of these
substances. Since this has been investigated in some detail for
Suc and Tre [18], we have a solid basis for comparing the effects
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of these disaccharides with those of the other solutes in our
experimental system. Different stabilization effects of particular
compounds during drying may help to explain the different salt
resistance levels in relation to the accumulated compatible solute
in cyanobacteria and shed light on the physicochemical basis of
stress tolerance in these and other organisms.

EXPERIMENTAL

Materials

EPC (egg phosphatidylcholine) was purchased from Avanti
Polar Lipids (Alabaster, AL, U.S.A.). CF (carboxyfluorescein)
was obtained from Molecular Probes (Eugene, OR, U.S.A.)
and was purified according to the procedure described in
[20]. N-(7-nitro-2,1,3-benzoxadiazol-4-yl)-phosphatidylethanol-
amine and N-(lissamine rhodamine B sulphonyl)-dioleoylphos-
phatidylethanolamine were purchased from Molecular Probes.
Suc, Tre and Bet were purchased from Sigma. Preparation of GG
from salt-acclimated cells of Synechocystis sp. strain PCC 6803
and analysis of purity by HPLC have been described in [6].

Preparation of liposomes

EPC was dried from chloroform under a stream of N2 and stored
under vacuum overnight to remove traces of solvent. Liposomes
were prepared from hydrated lipids using a hand-held extruder
with two layers of polycarbonate membranes with 100 nm pores
([21]; Avestin, Ottawa, Canada).

Leakage experiments

For leakage experiments, an appropriate amount of lipid was hyd-
rated in 0.25 ml of 100 mM CF, 10 mM Tes and 0.1 mM EDTA
(pH 7.4). After extrusion, the vesicles were passed through
a NAP-5 column (Sephadex G-25; Amersham Biosciences)
equilibrated in TEN buffer [10 mM Tes, 0.1 mM EDTA (pH 7.4)
and 50 mM NaCl], to remove the CF not entrapped by the
vesicles. The eluted samples were then diluted with TEN to a
lipid concentration of approx. 10 mg/ml. Liposomes (40 µl) were
mixed with an equal volume of concentrated solutions of sugars
in TEN and 20 µl aliquots were applied to the wells of 60-well
microplates. The plates were dried in desiccators at 28 ◦C and 0 %
relative humidity for 24 h in the dark. Damage to the liposomes
was determined as CF leakage after rehydration as described in
detail in [22]. Results are expressed as means +− S.D. for three
parallel samples. Where no error bars are visible, they are smaller
than the symbols.

Fusion experiments

For liposome fusion experiments, two liposome samples were
prepared in TEN. One sample contained 1 mol % each of N-(7-
nitro-2,1,3-benzoxadiazol-4-yl)-phosphatidylethanolamine and
N-(lissamine rhodamine B sulphonyl)-dioleoylphosphatidyletha-
nolamine in EPC, the other sample contained only EPC. After ex-
trusion, liposomes were combined in the ratio 1:9 (labelled/
unlabelled), resulting in a lipid concentration of 10 mg/ml. Lipo-
somes (40 µl) were mixed with an equal volume of concen-
trated solutions of sugars in TEN and 20 µl aliquots were
applied to the inside of the caps of 1.5 ml microcentrifuge tubes.
Samples were dried as described above. The samples were rehy-
drated by adding 1 ml of TEN buffer to each tube, and then quickly
closing and inverting the tube. Membrane fusion was measured

by resonance energy transfer [23] as described in [24,25]. Results
are expressed as means +− S.D. for three parallel samples. Where
no error bars are visible, they are smaller than the symbols.

FTIR (Fourier-transform infrared) spectroscopy

Spectra were obtained from samples containing EPC liposomes
and solutes in the ratio 1:2 (by wt). Liposomes were extruded in
the presence of the solutes, so that the sugars were present on both
sides of the membranes. Samples (50 µl) were spread on CaF2

windows and dried under the same conditions as described
above. A window was then fixed in the vacuum chamber of a
cuvette holder connected to a temperature control unit (Specac
Eurotherm, Worthington, U.K.; [22]). The sample was first heated
to 50 ◦C for 20 min under vacuum to remove residual moisture
the lipid had taken up during sample handling. The effectiveness
of this procedure was verified by the absence of a water band
in the FTIR spectra at 1650 cm−1. The sample was then cooled
to − 30 ◦C, and after a 20 min equilibration the temperature
was increased at a constant rate of 1 ◦C min−1. Spectra were
recorded with a PerkinElmer GX 2000 FTIR spectrometer.
After normalization of absorbance using the interactive abex
routine, the peak frequencies of the CH2 symmetric stretch band,
approx. 2850 cm−1, were determined by the automatic peak
identification routine. Tm (gel to liquid-crystalline lipid-phase
transition temperature) was estimated as the midpoint of the
lipid-melting curve [26]. The phosphate asymmetric stretch vib-
rations in the 1300–1200 cm−1 region and the carbonyl stretch
vibrations in the 1760–1700 cm−1 region were analysed after
normalization of absorbance and baseline flattening, using the
interactive abex and flat routines respectively. Spectral resolution
in the phosphate asymmetric stretch region was enhanced by
Fourier self-deconvolution applying a Lorentzian line shape, using
the deconvolution routine contained in the Spectrum software
[27]. The parameters used were γ = 1.2 and length = 20.

RESULTS

We investigated the ability of the compatible solutes Suc, Tre, GG,
Bet and Sor to stabilize liposomes during drying and rehydration.
Figure 1 shows that in the absence of any protective solute,
liposomes lost their soluble content completely (Figure 1A)
and suffered substantial fusion (Figure 1B). As expected from
published data, both Suc and Tre protected the vesicles against
damage. Due to the low concentrations of solutes employed
(maximum solute-to-lipid mass ratio of 4) and the fact that they
were present only on the outside of the vesicles, protection against
leakage was only partial. However, differences between the
solutes could be clearly distinguished. Suc and Tre were approxi-
mately equal in their ability to stabilize the liposomes, Sor was
superior to these sugars, whereas GG showed a lower effectiveness
and Bet showed hardly any protection.

Since the fusion of liposomes during drying is one of the factors
that can lead to leakage of soluble content, we investigated how
far these two parameters were correlated. Figure 2 shows that for
Suc, Tre and Sor, there was a clear linear correlation between
leakage and fusion, indicating that the ability of these solutes to
prevent leakage was strongly influenced by their ability to prevent
fusion. For GG and Bet, on the other hand, no such correlation was
evident. This was to be expected for Bet, because it did not show
significant protection against either leakage or fusion. For GG,
however, the results indicate that its ability to prevent fusion was
higher than its ability to prevent leakage. This indicates that its
inability to influence factors other than fusion, which contribute
to leakage, limits the effectiveness of GG as a protectant.
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Figure 1 Stability of liposomes after air drying in the presence of different
solutes

Phosphatidylcholine vesicles were dried at 0 % relative humidity for 24 h in the presence of
different concentrations of Suc (�), Tre (�), GG (�), Bet (�) or Sor (�). Liposome stability
was assayed either as leakage of the soluble fluorescence marker CF from the vesicles (A) or as
membrane fusion determined by a membrane lipid mixing assay (B).

Figure 2 Correlation between CF leakage and membrane fusion after drying
and rehydration as shown in Figure 1

The solid lines in (A) were fitted to the data by linear regression analysis and the correlation
coefficients are shown. (B) Lines were used to connect the points, but no fitting was attempted.
The symbols are the same as in Figure 1.

Solutes never occur in isolation in a cellular environment. It was
therefore of interest to see whether combinations of compatible
solutes would have significantly better effects than would result
from purely additive action. Since Suc is ubiquitously present in
all cells, we dried liposomes in mixtures of Suc and GG, Sor or
Bet. It can be seen (Figure 3) that all mixtures prevented both

Figure 3 Effects of mixtures of different compatible solutes

Stability of liposomes after air drying in the presence of Suc (�) or mixtures of Suc with GG
(�), Bet (�) or Sor (�) at a 1:1 mass ratio. See Figure 1 for experimental details.

leakage and fusion, albeit to different degrees. The relative ef-
fectiveness of the solutes, however, was not changed (cf. Figure 1),
indicating that no strong synergistic effects occurred between Suc
and the other solutes.

It is obvious from Figure 3(B) that the presence of Suc sig-
nificantly improved protection against fusion, especially for Bet.
Figure 4 shows that for all mixtures there was a linear correlation
between leakage and fusion, indicating that the properties of Suc
predominated over those of GG and Bet in the respective mixtures.

In addition to fusion, gel-to-liquid-crystalline lipid-phase trans-
itions can also contribute to the leakage observed after drying
and rehydration [18]. Therefore we have investigated the phase
behaviour of dry liposomes in the absence or presence of the
different osmolytes (Figure 5). All solutes induced a shift of Tm to
lower temperatures. However, the highest shift was observed for
Suc, Tre and Sor. It was smaller for GG and the smallest shift
was observed for Bet. This is in accordance with the observed
effectiveness of the solutes as protectants against leakage
(Figure 1).

There is good evidence that the reduction in Tm, which has
been reported for several sugars, is the result of H-bonding inter-
actions between the lipid headgroups and the carbohydrates in
the dry state [18,28]. H bonding between OH groups of sugar
and lipids can take place with the lipid carbonyl (C=O) and the
phosphate (P=O) moieties. These possibilities were explored by
FTIR spectroscopy.
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Figure 4 Correlation between CF leakage and membrane fusion after drying
and rehydration as shown in Figure 3

The solid lines were fitted to the data by linear regression analysis and the correlation coefficients
are shown. The symbols are the same as in Figure 3.

Figure 5 Lipid melting curves of dry EPC liposomes as determined by FTIR
spectroscopy

The wave number of the CH2 symmetric stretch vibration is plotted as a function of sample
temperature. T m was determined as the midpoint of each melting curve. The samples contained
either purely EPC liposomes without any solutes (control, �: T m = 40 ◦C) or EPC liposomes
in the presence of different solutes at a 1:2 mass ratio both inside and outside of the lipo-
somes (Suc, �: T m = 5 ◦C; Tre, �: T m = 6 ◦C; GG, �: T m = 15 ◦C; Bet, �: T m = 30 ◦C;
Sor, �: T m = 4 ◦C).

The C=O groups are situated at the interface between the
hydrophobic hydrocarbon chains and the more hydrophilic head-
group region. The C=O band in FTIR spectra of hydrated diacyl
lipids is split into at least two bands, with the upfield peak(s) due
to non-hydrogen-bonded C=O groups and the downfield peak(s)
due to hydrogen-bonded C=O groups [29,30]. The C=O peaks of
dry EPC liposomes in the absence or presence of the compatible
solutes are shown in Figure 6. None of the solutes resulted in a
clear shift in the position of the C=O peak, compared with the
control without any added solute. This indicates that the solutes
do not penetrate this deeply into the membrane.

Figure 6 Infrared spectra in the carbonyl stretching region of dry liposomes

Normalized C=O stretching band contours of pure EPC (A), and of EPC dried in the presence
of Suc (B), Tre (C), GG (D), Bet (E) or Sor (F). All spectra were recorded at 50 ◦C. The peak
maxima were located at 1738 cm−1 (A–C, E), 1740 cm−1 (D) and 1739 cm−1 (F).

Figure 7 FTIR spectra of the phosphate asymmetric stretch region in dry
EPC liposomes

Normalized P=O stretching band contours (—) and contours after resolution enhancement
through deconvolution (- - -) of pure EPC (A), and of EPC dried in the presence of Suc (B),
Tre (C), GG (D), Bet (E) or Sor (F). All spectra were recorded at 50 ◦C. The peak maxima
after deconvolution were located at 1262 cm−1 (A), 1239 cm−1 (B), 1242 and 1238 cm−1 (C),
1246 cm−1 (D), 1256 cm−1 (E), 1253 and 1235 cm−1 (F). The sharp peak at 1240 cm−1 in
(E) is an absorbance band from Bet.

The P=O group of phospholipids is situated in the interfacial
region of the membrane. The peak position of the asymmetrical
stretching mode of P=O is sensitive to H bonding, shifting to
lower wave numbers with increased H bonding [31,32]. The H
bonding of Suc and Tre to dry lipids has been extensively studied
in the past (see [18,28] for recent reviews). Figure 7 shows the
expected shift of the P=O peak to lower wave numbers for Suc and
Tre. After deconvolution, however, it could be seen that the P=O
vibration in the presence of Tre was split into two peaks, whereas
in the presence of Suc it remained as one peak. A similar, but
even more pronounced splitting of the P=O peak was observed
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Figure 8 Correlation between the position of the P=O peak and T m

The two open circles correspond to the position of the second upfield peak in the P=O spectra
of Tre (Figure 7C) and Sor (Figure 7F). The line was fitted to the data by linear regression ana-
lysis. The regression coefficient (r) is indicated in the figure.

in the presence of Sor. The two peaks in the presence of Bet were
not due to a splitting of the P=O peak. Rather, the absorbance
band at 1240 cm−1 came from the Bet itself (results not shown),
whereas the peak at 1256 cm−1 was due to the lipid P=O group.
In contrast with Bet, the carbohydrates contribute no appreciable
absorbance to this spectral region (cf. [33]). The P=O peak in the
presence of GG had an intermediate position between those in
the presence of Bet and Suc.

Between the different samples, the position of the P=O peak
was highly variable (Figure 7), indicating large differences in the
ability of these osmolytes to H bond to the lipid headgroups.
Figure 8 shows that there was indeed a strong linear correlation
between this ability to H bond to the lipid phosphate (as indicated
by the P=O peak position) and the ability of the solutes to decrease
the lipid-phase transition temperature (as indicated by Tm). The
position of the second, upfield peak in the P=O spectra of Tre and
Sor was not correlated with Tm. The reason for this heterogeneity
in the H bonding between EPC and these two solutes and its
functional significance are not clear at present.

DISCUSSION

The protection of membranes against the stresses associated with
drying requires two important properties from a solute: effective
depression of the lipid-phase transition temperature and the ability
to vitrify (see [18,34] for reviews).

The vitrification properties of solutes are commonly quantified
by their calorimetric glass melting temperature, Tg. Solutes with a
high Tg, such as Suc and Tre (approx. 50 and 100 ◦C respectively
[24]) surround the membrane vesicles with a glassy matrix
during drying at ambient temperature and thereby prevent close
approach and fusion of liposomes [35]. This is clearly illustrated in
Figure 1(B). Vesicle fusion is often accompanied by solute leakage
[36,37] and therefore a close correlation exists between fusion and
leakage during drying in the presence of these sugars (Figure 2).
It is surprising in this regard that Sor showed better protection
against fusion and leakage than the disaccharides (Figure 1),
although its Tg has been reported between −5 and −9 ◦C [38,39].
However, Tg may not be the most important parameter in this
regard. T c is the critical temperature, where the dynamics of the
molecules in a glass change from solid- to liquid-like. It has been
suggested that a high T c could contribute to the stability of dry
specimens at temperatures significantly above Tg [40]. It has been

shown that T c for Sor is at 33 ◦C, approx. 40 ◦C above its Tg

[41,42], whereas it is only 18 and 25 ◦C above Tg for Suc and Tre
respectively [40]. This relatively high Tc may explain the good
protection against fusion provided by Sor during drying at 28 ◦C.

There are, to the best of our knowledge, no data available for
the glass transition behaviour of GG and Bet. However, visual
inspection of the dry samples suggested that Bet at least partly
crystallized during drying. This would be in agreement with the
lack of protection against fusion by Bet. The fusion data would
also suggest that GG has at least some glass-forming ability. The
correlation analysis (Figure 2) indicated that the ability of GG to
protect vesicles from leakage was not limited by its vitrification
properties.

Mixtures of different carbohydrates have a Tg that is inter-
mediate between that of the pure substances [24,39]. This is in
agreement with our results on the effects on CF leakage and vesicle
fusion of mixtures between Suc and Sor or GG (Figure 3). Inter-
estingly, mixtures of Bet and Suc also showed some protection
against leakage and fusion. Visual inspection confirmed that
the mixtures did not crystallize. Incorporation of a non-glass-
forming solute into a carbohydrate glass has been reported for
mixtures of arbutin with Suc and Tre [24]. These mixtures also
provided protection for liposomes against fusion during drying.
The correlation analysis indicated that the effect of the mixture
between Suc and Bet was clearly dominated by the superior ability
of Suc to vitrify (Figure 4). It should be noted that in GG and Bet
accumulating cyanobacteria minor amounts of Suc or Tre were
also detected [4].

In addition to inducing fusion between liposomes, dehydration
also leads to an increase in Tm. For EPC, Tm is increased from
−5 ◦C in the fully hydrated state to approx. 40 ◦C in the dry state
[22,43,44]. During rehydration at 28 ◦C, membranes therefore go
from the gel to the liquid-crystalline state. Packing defects in the
membranes during this transition in the presence of excess water
lead to the leakage of soluble content, as probed by CF in the
present study. Lyoprotectants such as Suc and Tre decrease Tm in
the dry state and thereby decrease the leakage. Sor showed the
same effect on Tm as Suc or Tre, whereas GG was less effective
and Bet showed only a very small effect (Figure 5).

Evidence has been found in several studies that Suc and Tre
decrease Tm in dry membranes by H bonding to the P=O group
of phospholipids (see [18,34] for reviews). The same mechanism
has also been suggested for the effects of fructans [22,44] and
raffinose-family oligosaccharides [45]. In the present study, we
have also detected H bonding of some of the solutes to the P=O
group in dry EPC (Figure 7). The extent of H bonding, as indicated
by the downfield shift in the P=O asymmetric stretching vibration,
was strongly correlated with the Tm of the respective lipid
membranes (Figure 8), indicating that this interaction determined
the effectiveness of the solutes as lyoprotectants. Bet showed the
weakest interaction with the P=O group, which may be due to
the fact that it at least partially crystallized and, therefore, was
not fully available for interactions with the membrane. It has,
however, also been shown that Bet only very weakly interacts
with the P=O group of lipids during freezing of liposomes, where
no crystallization of Bet occurs [46]. Therefore this may be an
inherent property of this molecule.

Interestingly, the P=O peak was split into two peaks in the
presence of Tre and Sor. This could be clearly seen after resolution
enhancement by deconvolution (Figure 7). For Sor, this split was
already obvious in the original spectra. Although the effects of Tre
have been extensively documented in the literature, this has not
been reported before, presumably because of the lack of resolution
enhancement in these studies (see e.g. [47,48]). A correlation with
Tm, however, was only observed for the low-field peaks, whereas
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the high-field peaks, especially that of the P=O group in the
presence of Sor, were clearly not correlated with Tm (Figure 8).
Why Tre and Sor showed such heterogeneous interactions with
the lipid P=O, and whether this has any functional implications,
is not clear at present.

In addition to the P=O group, H bonding of solutes is also
possible with the C=O group of diacyl lipids. This has been
investigated in detail for a membrane-bound disaccharide [27]. In
the present study, we found no evidence for interactions of the
investigated solutes with the C=O group (Figure 6).

For the first time the ability of GG to protect membranes under
stress conditions was tested in the present study and a significant
stabilizing effect was found. Recently [49], it was found that GG
also showed good thermostabilizing effects on isolated enzymes.
Since GG belongs to the group of heterosides comprising a sugar
and a polyol moiety, Sor as a polyol has been included in the
study. Surprisingly, it showed slightly better membrane protection
than the carbohydrates Tre and Suc, which are supposed to be
particularly effective under these conditions. GG seems to share
its protective properties with one of its constituent molecules,
glycerol. Glycerol has been shown to be a good protectant
for both biological [50–52] and model membranes [19] during
freezing and thawing, but not during drying and rehydration [19].
However, even during freezing it prevented fusion to a smaller
extent when compared with Suc or Tre. It also showed much
weaker interactions with the lipid headgroup P=O [46]. The
second constituent of GG, glucose, is also a poor glass former
and it is not capable of preventing membrane fusion effectively
during drying, but it shows good interaction with membranes and
a large depression of Tm in the dry state [26]. In conclusion, we
find that the effects of GG on membrane stability resemble those
of glycerol more than those of glucose or Sor.

Regarding the stabilizing effect on membranes, a reverse order
among the tested compatible solutes was found when compared
with the ability to confer salt stress tolerance to cyanobacteria.
This implies that membrane stability may not be the limiting factor
for these cells under salt stress. In addition to purely osmotic
effects, solutes such as Bet, but also Suc and Tre, have been
shown to be extremely efficient in stabilizing soluble proteins
[16,53] and peripherally bound membrane proteins [54–56] under
stress conditions and this may also contribute to cellular salt stress
tolerance. Cyanobacteria showing high tolerance to desiccation,
on the other hand, accumulate Suc and Tre [57,58], which per-
fectly matches their membrane-protective properties.
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